Abstract: This paper demonstrates that the optimal light extraction enhancement of the 2-D photonic crystals (PhCs) light-emitting diodes (LEDs) among different air duty cycles (ADCs) is independent of the geometry and the shape of the 2-D PhCs. Moreover, it also discusses that the side-directional emission property of the 2-D PhCs LEDs in hexagonal lattice arrangement (HLA) is better than that in square lattice arrangement (SLA). Finally, the light output power of the 2-D PhCs LEDs in SLA and in HLA with the ADC of 51% are significantly improved by 60.4% and 81.9%, respectively, as compared with the reference LED at an injection current of 350 mA.
Introduction
In recent decades, InGaN-based light-emitting diodes (LEDs) with high brightness have currently drawn much attention due to its variety of applications in backlight of flat-panel displays, traffic signal light, special lightings and general illumination [1] , [2] . Nevertheless, it is well-known that the light extraction enhancement (LEE) of the InGaN-based LEDs is severely restricted due to the total internal reflection at the GaN/air interface [3] . Several methods have been proposed to improve the LEE of LEDs, such as surface roughening [4] , [5] , nano-patterned sapphire substrates [6] - [8] , incorporating photonic crystals (PhCs) [9] - [11] , coupling to surface plasmon modes [12] , n-side-up vertical LEDs [13] , [14] , and so on. However, PhCs is a particularly attractive technique due to the significant improvement of the LEE [15] . Besides, recent works on embedded PhCs had also resulted in improved directionality of the light extraction in GaN-based LEDs [16] , [17] . About fabrication process of the PhCs, the self-assembled and low-cost methods had been used for efficient light extraction in LEDs by using self-assembled colloidal microlens arrays [18] - [20] , colloidal imprinting microstructures [21] , and self-organized p-GaN patterning method [22] .
In implementing 2-D PhCs on top p-GaN layer of the InGaN-based LEDs should take the air duty cycle [23] (ADC, the antonym of the filling factor) into consideration carefully. There have been few reports on investigating the correlation between the ADC and the LEE of the InGaN-based LEDs so far. Shen et al. only reported simulation results about the correlation between the filling ratio and the LEE of the InGaN-based LEDs [24] . Nevertheless, the experimental study for understanding the correlation between the ADC and the LEE of the InGaN-based LEDs is rarely reported in literatures. Recently, we have demonstrated the preliminary study on the LEE of the InGaN-based LEDs by incorporating 2-D PhCs on top p-GaN layer [25] and want to understand more in detail.
In this paper, the correlation between the ADC and the LEE of the 2-D PhCs InGaN-based LEDs in square lattice arrangement (SLA) and in hexagonal lattice arrangement (HLA) are investigated in detail through optical and electrical measurements.
Experimental Details
For acquiring the accurate optical characteristic analyses, the 2-in c-plane double polished sapphire substrates (DPSSs) were chosen in this work. Prior to the growth, the substrates were thermally baked at 1100 C in hydrogen gas to remove surface contamination. The InGaN-based LED structures, which consist of a 2.5-m-thick undoped GaN buffer layer, and a 2-m-thick n-GaN layer, using SiH 4 as the n-type dopant, were firstly grown on the DPSSs with Taiyo Nippon Sanso SR2000 atmospheric pressure metal organic chemical vapor deposition (AP-MOCVD) under three-flow gas injection. Then, five pairs of InGaN/GaN MQWs having a 2-nm-thick InGaN well and a 12-nm-thick GaN barrier (grown at 800 C and 850 C, respectively) were deposited, followed by a 20-nm-thick p-AlGaN electron blocking layer, and a 300-nm-thick p-GaN layer at the top, using Cp 2 Mg as p-type dopant. After the epitaxial growth, to achieve the exact dimensions, the 2-D PhCs were fabricated on the top of the p-GaN layer by using ELS-7500 electron-beam lithography system of ELIONIX company and inductively coupled plasma reactive ion etching (ICP-RIE) technique. Fig. 1(a) and (b) depict the schematic diagrams of the 2-D PhCs InGaN-based LEDs in SLA and in HLA, respectively.
Since Long et al. [26] reported simulation results that the LEE of the 2-D PhCs GaN LED reaches the maximum value at a lattice constant of 400-600 nm; Patra et al. [27] also reported similar simulation results, the 400-nm lattice constant of the 2-D PhCs was used throughout these studies. Moreover, Long et al. [26] showed that the maximum LEE of the GaN/InGaN LED occurs at a PhCs depth of 150-250 nm; the deeper PhCs will degrade the characteristic of the top p-GaN layer because the thickness of the p-GaN layer is normally smaller than 300 nm. Hence, the depth of the following 2-D PhCs in this experiment was fixed at about 120 nm. In addition, due to the convenience for changing the remaining air fraction in both x and y direction in one unit cell, the 2-D rectangular pillar PhCs (RP-PhCs) in SLA and in HLA were utilized instead of cylinder PhCs at first. Table 1 .
The accomplished RP-PhCs were examined by the FEI NOVA 600i Dual-Beam Focused Ion Beam (FIB) system. Fig. 2 (c)-(j) only show the SEM images of the RP-PhCs in SLA and in HLA with the ADC of 72%, 58%, 51%, and 36%, respectively. The surface morphology and the depths of the RP-PhCs were confirmed by using an atomic force microscope (AFM). In order to verify and accomplish the accuracy of the experimental results, the optical characteristics were measured in two different measurement systems: micro-photoluminescence ð-PLÞ and integrating sphere (IS) system. Both systems utilize a 405-nm semiconductor laser as the excitation source. During the -PL measurement, the 405-nm semiconductor laser was focused on a small beam spot on the top surface of the LEDs. During the IS system measurement, the LEDs were covered by an IS and excited by the focused 405-nm semiconductor laser through the backside of the DPSSs on the InGaN/GaN MQWs. indicates that the spectral radiant flux measured from the IS for the RP-PhCs LEDs in SLA and in HLA reaches the maximum value with the ADC of 51%, and the peak emission wavelength for all the LEDs is approximately 450 nm. Fig. 4(b) represents the relative peak intensity measured from the IS and the -PL for the RPPhCs LEDs in SLA and in HLA as a function of different ADCs. The figure contains several distinct features. First, it reveals that the relative peak intensity of the RP-PhCs LEDs measured from the IS and the -PL in SLA and in HLA with ADC of 51% are 1.82, 2.8, 2.55, and 3.22 times higher compared with the reference LED, respectively, all reach the maximum value among different ADCs. Second, the LEE of the RP-PhCs LEDs in SLA and in HLA exhibits similar ADC dependent characteristic clearly; in other words, the correlation between the ADC and the LEE of the RP-PhCs LEDs is not affected by the geometry of the PhCs. Third, the LEE of the RP-PhCs LEDs in HLA is higher than that in SLA. Fourth, the difference of the LEE measured by the -PL and the IS system of the RP-PhCs LEDs in SLA is larger than that in HLA.
Measurement Results and Discussion
Let us try to figure out the above mentioned optical properties. When the ADC is approaching two extreme limits, such as zero or one, the light extraction behavior nearly equals to that of a flat surface of the p-GaN layer due to the vanishment of the PhCs. As a result, the light cannot be effectively extracted to the air, thus the similar ADC dependent characteristic for the RP-PhCs LEDs in SLA and in HLA can be observed. Furthermore, considering the effective refractive index [28] , [29] of the RP-PhCs layer with different ADCs, the RP-PhCs layer with the middle ADC of 51% is close to the refractive index of conventional LED encapsulates ðn ¼ 1:4 $ 1:6Þ, hence most of the light extracted out the RP-PhCs will be coupled into the LED encapsulate [21] . As another point of view, the strongest relative peak intensity phenomenon could also be explained by the maximum overlapping of the light and the RP-PhCs patterned in that configuration, resulting in the best diffraction efficiency.
Since the literatures [30] , [31] point out the higher overlap of the hexagonal lattice with the extraction cone, the RP-PhCs in HLA has better diffraction efficiency than that in SLA. As a consequence, the better performance for HLA can be acquired owing to that the hexagonal lattice has a higher level of rotational symmetry than the square lattice. Due to the fact that the IS system can receive the omnidirectional emission light from the LEDs while the -PL system can only receive the emission light normal to the top surface of the LEDs. Therefore, we may ascribe the large difference of the LEE between two measured results to the better side-directional emission property of the RP-PhCs LEDs in HLA than that in SLA. Thus, the lower side-directional emission property of the RP-PhCs LEDs in SLA is in good agreement with the smaller overlap with the extraction cone, resulting in the weaker diffraction efficiency of the RP-PhCs in SLA.
For more insight into the correlation between the ADC and the LEE of the RP-PhCs LEDs and verify the experimental results observed from the optical measurements, the LEDs with the p-GaN layer covered with RP-PhCs in SLA and in HLA were fabricated with a standard 1 Â 1 mm 2 LED die process in the industry. Metal contacts composed of Cr/Au were evaporated onto the ITO transparent conductive layer and the n-type GaN layer by an electron-beam evaporator. For comparison, the un-patterned LED with the identical dimension was also fabricated as the reference sample. In order to investigate the electrical and optical properties of the fabricated devices, we measured operation voltage and light output power (LOP) as a function of applied current. The LOP of each LEDs was measured by using a Si-photodiode placed above the emission plane of the LEDs. Again, we found that with the ADC of 51%, the LOP of the RP-PhCs LEDs in SLA and in HLA are both the highest among different ADCs (data only shows the LOP of the RP-PhCs LEDs with the ADC of 51% as follows). The far field radiation patterns of the RP-PhCs LEDs in SLA and in HLA with the ADC of 51% and of the reference LED, operated at 20 mA and measured by rotating a fiber probe coupled to an optical spectrometer in the range of 0 to 90 in steps of 1 , are shown in Fig. 6 . The light output intensity (LOI) of the RP-PhCs LEDs in SLA and in HLA show 43% and 66% higher than that of the reference LED at 90 , which is the direction normal to the top surface of the LEDs, respectively. Moreover, the LOI of the RP-PhCs LED in HLA exhibits a side lobe radiation profile [32] at $ 35 to 60 , which is 79.8% higher than that of the reference LED. The side-directional emission property, which satisfies the requirement of display, is well consistent with what we have observed from the optical characteristic measurement results.
Finally, in order to understand whether the shape of the 2-D PhCs affects the correlation between the ADC and the LEE of the 2-D PhCs LEDs or not, we designed and fabricated the cylinder PhCs in SLA on the top of the p-GaN layer with different ADCs and took the RP-PhCs LEDs in SLA for comparison. The period and the depth of the cylinder PhCs, and the fabrication process were all the same as mentioned above. We designed five different cylinder PhCs with the radius of 100 nm, 120 nm, 140 nm, 160 nm, and 175 nm, respectively, which corresponded to the ADC of 80%, 72%, 61%, 50%, and 40%, respectively. Then the optical characteristics of the cylinder PhCs LEDs were measured by the -PL measurement again. Fig. 7 depicts the relative PL peak intensity of the RP-PhCs and the cylinder PhCs LEDs in SLA as a function of different ADCs. Inset shows the room temperature relative PL spectra of the cylinder PhCs LEDs in SLA with different radius and the reference LED. Inset also shows the SEM images corresponding to the cylinder PhCs in SLA with the ADC of 80%, 72%, 61%, 50%, and 40%, from right to left, respectively. It suggests that the LEE exhibits the ADC dependent characteristic for the cylinder PhCs LEDs in SLA, and the LEE reaches the maximum value with the ADC of $50%, which is extremely similar to what we have observed from the RP-PhCs LEDs in SLA. According to the experimental results, the correlation between the ADC and the LEE of the PhCs LEDs is independent of the shape of the PhCs.
Conclusion
In conclusions, this paper experimentally demonstrates that the LEE of the 2-D RP-PhCs LEDs in SLA and in HLA has similar ADC dependence characteristic. From the optical characteristic measurement results, the LEE of the 2-D RP-PhCs LEDs in SLA and in HLA reaches maximum value with the ADC of 51%. The better side-directional emission property of the 2-D PhCs LEDs in HLA than that in SLA has also been reported. Furthermore, from the electrical characteristic measurement, the LOP of the 2-D RP-PhCs LEDs in SLA and in HLA with the ADC of 51% are significantly improved by 60.4% and 81.9%, respectively, as compared with the reference LED at an injection current of 350 mA. The far field radiation pattern of the 2-D RP-PhCs LED in HLA shows the side-directional property, which is well consistent with what we have observed from the -PL and the IS measurement results. In addition, the correlation between the ADC and the LEE of the 2-D PhCs LEDs is independent of the geometry and the shape of the 2-D PhCs. 
